Understanding the relationship between localized anatomical damage, reorganization, and 36 functional deficits is a major challenge in stroke research. Previous work has shown that 37 localized lesions cause widespread functional connectivity alterations in structurally intact 38 areas, thereby affecting a whole network of interconnected regions. Recent advances suggest 39 an alternative to discrete functional networks by describing a connectivity space based on a 40 low-dimensional embedding of the full connectivity matrix. The dimensions of this space, 41 described as connectivity gradients, capture the similarity of areas' connections along a 42 continuous space. Here, we defined a three-dimensional connectivity space template based on 43 functional connectivity data from healthy controls. By projecting lesion locations into this 44 space, we demonstrate that ischemic strokes resulted in dimension-specific alterations in 45 functional connectivity over the first week after symptoms onset. Specifically, changes in 46 functional connectivity were captured along connectivity Gradients 1 and 3. The degree of 47
change in functional connectivity was determined by the distance from the lesion along these 48 connectivity gradients regardless of the anatomical distance from the lesion. Together, these 49 results provide a novel framework to study reorganization after stroke and suggest that, rather 50 than only impacting on anatomically proximate areas, the indirect effects of ischemic strokes 51 spread along the brain relative to the space defined by its connectivity. 52
Introduction 53 54
Stroke is defined as a sudden neurological deficit caused by a localized injury to the central 55 nervous system due to vascular pathology (Sacco et al., 2013) . Outside of the localized 56 structural damage, areas connected to the lesion undergo functional alterations that are 57 implicated in symptomology and the recovery from neurological deficits. This phenomenon is 58 known as diaschisis (Andrews, 1991; Carrera and Tononi, 2014 ) and provides a theoretical and 59 empirical motivation to study brain connectivity following stroke. 60 61 Functional connectivity based on the temporal correlation of ongoing blood-oxygen-level-62 dependent (BOLD) fluctuations (resting-state functional magnetic resonance imaging; rs-63 fMRI) has been successfully used to study alterations associated with reorganization within 64 functional networks. Previous studies found a reduction in functional connectivity after stroke 65 in structurally intact areas connected to the lesion (i.e., the affected network). Reduction in 66 functional connectivity was associated with the severity of the clinical deficit and recovery of 67 brain stimulation (Volz et al., 2016) . Taken together, these findings support the phenomenon 72 of diaschisis and the view of stroke as a network disruption rather than a mere localized 73 phenomenon (Corbetta, 2010; Ovadia-Caro et al., 2014; Ward, 2005) . 74 75 While previous studies demonstrate the role of the affected network in stroke pathology, the 76 impact of a lesion is not necessarily limited by network definitions. Graph models of brain 77 connectivity have demonstrated that the local disruption of a single node is likely to extend 78 beyond the affected network and impact, to varying degrees, the whole graph (Aerts et al., 2016; 79 Bassett and Bullmore, 2006; van den Heuvel and Sporns, 2013) . Using predefined functional 80 networks assumes sharp boundaries between different functional domains. In addition, it 81 assumes that the effects of stroke are uniformly distributed within a given network. Contrary to 82 these assumptions, recent studies report that connectivity may be better captured by dimensions superimposed on a functional connectivity graph-space with nodes and edges. Using this 94 approach to study the effects of focal lesions (yellow node) restricts us to singular networks. 95
Additionally, distal effects of the lesion are assumed to be equally disruptive for all nodes in 96 the affected network (red nodes). (C) Representing functional connectivity in a continuous 97 manner without sharply defined borders using connectivity gradients. The lesioned node affects 98 all other nodes in the system as a function of the distance from the lesion in graph space (dark 99 red to light red). Using this approach does not assume sharp boundaries between functional 100
networks and provides a more realistic model of distant effects of localized lesions. 101 102
103
Recently, non-linear decomposition approaches have been introduced to represent whole-brain 104 rs-fMRI connectivity data in a continuous, low-dimensional space. This data-driven analysis 105 results in connectivity gradients that provide a low-dimensional description of the connectome 106 (Langs et al., 2016 (Langs et al., , 2014 Margulies et al., 2016) . Each voxel is located along a connectivity 107 gradient according to its similarity of connections. Voxels that share a similar pattern of 108 functional connectivity are situated close to one another along a given connectivity gradient 109 (Huntenburg et al., 2018) . Different functional modules are therefore clustered along a 110 continuum of a given connectivity gradient (Krienen and Sherwood, 2017) The MRI protocol included T1-weighted structural scans and T2*-weighted resting-state fMRI 153 scans (continuous fMRI scan with no overt task) for all participants. In addition, diffusion 154 weighted images (DWI; TR=8.2 s, TE=0.1 s, 50 volumes, voxel size: 2×2×2.5 mm, flip angle 155 90°) and fluid attenuated inversion recovery images (FLAIR; TR=8.0 s, TE=0.1 s, 54 volumes, 156 voxel size: 0.5×0.5×5 mm) were acquired from the stroke patients as part of a standard MRI 157 protocol (Hotter et al., 2009 ). All MRI data were acquired on a Siemens Tim Trio 3T scanner. 158
Healthy control participants were scanned at a single time point, whereas stroke patients were 159 scanned at three consecutive time points relative to stroke symptoms onset: day 0 (within 24 160 hours), day 1 (24 -48 hours), and day 5 (range: day 4 -6, mean 4.93 ± 0.38 SD). Structural 161 scans were acquired using a three-dimensional magnetization prepared rapid gradient-echo 162 To create a mutual grey matter template to be used for decomposition analysis, individual grey 206 matter masks and resting-state functional masks were averaged for all healthy controls to create 207 a group mask. Averaged group maps were multiplied to create a mutual mask such that only 208 grey matter voxels with fMRI signal would be included. The resulting template (33,327 voxels) 209 was used to generate functional connectivity matrices from individual healthy controls. 210 211 Functional connectivity matrices (33,327×33,327 voxels) were computed using Pearson's 212 correlation coefficient and were normalized using Fisher's z-transformation. An average 213 functional connectivity matrix was computed across healthy controls and the averaged z-scores 214
were transformed back to r-scores. Each row of the group-level functional connectivity matrix 215 was thresholded at 90% of its r-scores. This yielded an asymmetric, sparse matrix. The pairwise 216 cosine similarities of all rows were computed. By doing this, we obtained a non-negative and 217 symmetric similarity matrix, L (values in [0, 1] range). 218
219
We implemented the diffusion embedding approach on the similarity matrix to obtain a low-220 dimensional representation of the whole-brain functional connectivity matrix (Coifman and For each patient, a functional mask was obtained from each of the three consecutive functional 260 scans. These masks were multiplied with the grey matter template of the healthy cohort. The 261 dilated lesion segmentations were then excluded from the patient-specific grey matter template. 262
This approach ensured that functional images of patients included only identical grey matter 263 voxels as healthy controls, except for the lesion site. The patient-specific grey matter templates 264 varied slightly in number of voxels included (ranging from 32,659 to 33,212 voxels). 265
266
To control for the slight variation in the number of voxels in patient-specific grey matter 267 templates, a control analysis was applied such that the grey matter template used for the analysis 268 For a detailed description of the analysis steps see Supplementary Figure S2 . Individual gradients were divided into uniform parcels (bins). We varied the number of bins 302 used for the parcellation from 5 to 3000 in order to consider the continuous nature of 303 connectivity gradients while allowing us to classify parts of the gradients as affected by the 304 lesion. At each bin number and for each stroke patient, bins that overlapped with lesioned-305 voxels were identified as "lesion-affected", whereas the remaining bins were defined as "lesion-306 unaffected". An overall delta-concordance measure, ∆ , was computed as the difference 307 between average concordances in lesion-unaffected and lesion-affected bins, such that ∆ = 308 µ *+,--./0.1 − µ ,--./0.1 . A positive ∆ score reflects a higher functional connectivity 309 alteration over time in affected bins. Of note is that lesioned voxels were removed from this 310 computation, thereby the difference in concordance reflects the degree of preferential change 311 in functional connectivity in affected yet structurally intact areas. 312
313
To explore the link between changes in clinical scores and the overall delta-concordance 314 measure detected along gradients, the National Institute of Health Stroke Scale (NIHSS) was 315 used. The NIHSS values were assessed at the day of admission (day 0) and discharge (day 5). 316
Twenty-seven patients out of 28 completed the NIHSS assessment at both time points. Patients 317 were divided into two groups; those who changed in clinical score from day 0 to day 5 ("clinical 318 change", n = 16), and those who did not change ("no clinical change", n = 11). 319 320 Permutation test (with 10,000 iterations) was used to examine the significance of the difference 321 in mean ∆ values for the two groups of patients ("clinical change" versus "no clinical 322 change"). The test was repeated for each variation of bin numbers as well as for each of the 323 three connectivity gradients. Positive values reflect that a preferential change in concordance 324 over affected bins is more pronounced in patients who changed their clinical score from day 0 325 to day 5. To control for the multiple comparison problem resulting from varying the number of 326 bins (N= 2996 tests), the False Discovery Rate (FDR) correction (Benjamini and Hochberg, 327 1995) was applied with a threshold of 0.1. 328 329 3.1 Results 330 331
Mapping stroke lesions onto connectivity gradients 332 333
To map heterogeneous lesions across our sample of patients, individualized lesion masks were 334 delineated and projected onto a standard MNI brain ( Figure 3A) , as well as onto the first three 335 connectivity gradients ( Figure 3B ). Lesions were heterogeneous in both location and size (mean 336 volume=4.11 cm 3 , SD=2.80 cm 3 ), and distributed in subcortical (n=13), cortical (n=14), and 337 brainstem (n=1) regions. For further details on individual lesion location and affected vascular 338 territories, see Supplementary Table 1 . 339
340
Projecting lesion locations onto the connectivity gradients enabled us to assess which portions 341 of connectivity space were affected by the stroke. The template connectivity space was based 342 on a decomposition of voxelwise functional connectivity data from healthy controls. Voxels 343 that share functional connectivity patterns are situated closer to one another along a given 344 connectivity gradient. For example, voxels that are part of the default-mode network are 345 clustered at the high end of Gradient 1, and those that are part of primary sensory areas at the 346 low end (Margulies et al., 2016) . Here, we used the first three gradients that account for a total 347 variance of 50.84% in the healthy control connectivity data (see Supplementary Figure S3 ). 348 349 Figure 3B demonstrates the distribution of lesioned voxels within the three-dimensional 350 connectivity space. We found that although the anatomical location of lesions was 351 heterogeneous ( Figure 3A) , within the connectivity space lesions were predominantly clustered 352 at the extremes of each gradient, especially those of Gradients 1 and 3 ( Figure 3B) . accordance with values along the axes. Along each gradient, voxels that share similar 365 connectivity patterns are situated close to one another and have similar embedding values. Grey 366 scatter plots depict a two-dimensional connectivity space created as a combination of any two 367
given gradients. Lesion location along each gradient is projected onto the two-dimensional 368 space as an alternative approach to anatomical lesion mapping. The red-to-yellow color bars 369
indicates the percentage of patients with lesions in that voxel. Lesioned voxels are mostly 370 clustered around the edges of the connectivity gradients such that they affect sensorimotor areas 371
and ventral and dorsal areas associated with attention. 372 373 374
The impact of lesion location along specific connectivity gradients on reorganization 375 376
To determine if the location of lesions along specific gradients is associated with changes in 377 functional connectivity after stroke, we computed for each voxel: 1) spatial concordance, which 378 given voxel with the lesioned area. Low distance values reflect voxels that share similar 383 functional connectivity pattern with the lesion site. Importantly, the lesioned voxels were 384 excluded from both these analyses such that only the indirect effects of the lesion (i.e., 385 diaschisis) were assessed. Spatial concordance and distance-to-lesion were correlated for 386 individual patients, and individual connectivity gradients. 387
388
We found a significant relationship between the degree of functional connectivity alterations 389 over time and proximity of non-lesioned voxels to lesion locations along Gradient 1 and 390 Gradient 3. No significant relationship was found for Gradient 2 ( Figure 4A , Table 1 ). 391 392 Figure 4B demonstrates the correspondence between the connectivity space described by 393 Gradients 1 and 3, and a canonical set of seven resting-state networks (Yeo et al, 2011) . Correlation values between distance-to-lesion and spatial concordance (y-axis) are shown for 404
individual patients and the three connectivity gradients (x-axis). The spatial map of each 405 connectivity gradient is shown below the respective location on the x-axis. Correlations were 406 significantly positive for Gradient 1 (P=0.0027, W=71.0, one-tailed Wilcoxon signed-rank test) 407
and Gradient 3 (P=0.0001, W=35.0), but not for Gradient 2 (P=0.76, W=189.0). The closer a 408 voxel is to the lesioned site mapped on connectivity gradients 1 and 3, the more pronounced its 409 functional connectivity changes over time. Given the expected partial correlation between distance from the lesion in connectivity space 424 and anatomical distance, we further assessed whether anatomical location contributed to the 425 relationship with connectivity space. We found a significant relationship between distance from 426 the lesion in anatomical space and changes in functional connectivity over time (P = 0.0042, 427 one-tailed Wilcoxon signed-rank test). However, using anatomical distance as a regressor of no 428 interest did not alter the significance of our main result (see Supplementary Figure S5 ). 429
Functional connectivity therefore preferentially changes after stroke in voxels that are proximal 430 to the lesion location along Gradients 1 and 3. This relationship cannot be solely explained by 431 the anatomical distance from the lesion. We tested for a group difference in spatial concordance in affected yet structurally intact areas 443 between patients who demonstrated a change in clinical scores from day 0 to day 5 and those 444 who did not. A positive difference in the mean of the two groups reflects an association between 445 preferential changes in functional connectivity in affected areas and a change in clinical scores 446 over the first week after stroke. To maintain the continuous nature of connectivity gradients, 447
we varied the number of bins used to divide the gradients into parcels of equal size (bin numbers 448 ranged from 5 to 3000). We found no significant difference between patients who changed in 449 clinical scores and those who did not for any of the connectivity gradients, across different bin 450 numbers. The averaged difference in mean for the two groups was 0.0014 (range: -0.004 to 451 0.015) for Gradient 1, 0.0095 (range: 0.003 to 0.015) for Gradient 2, and 0.011 (range: 0.0012 452 -0.019) for Gradient 3. The range of corresponding p-values was 0.15 to 0.61 for Gradient 1, 453 0.12 to 0.4 for Gradient 2, and 0.03 to 0.46 for Gradient 3 (see Supplementary Figure S6 ). 454 455
Discussion: 456 457
We found that stroke induces a gradual change in functional connectivity along specific 458 connectivity gradients. Beginning with data acquired on the day of symptom onset, we showed 459 that the degree of reorganization over the first week is influenced by the lesion location along 460 connectivity Gradients 1 and 3. Voxels that are close to the lesion within this connectivity space 461 demonstrate a preferential change in functional connectivity over time, regardless of their 462 anatomical distance from the lesion. 463
464
We have implemented a decomposition approach that overcomes the necessity to parcellate the 465 brain into discrete networks, retains information from single voxels and provides a data-driven 466 template for studying reorganization at the connectome-level. We therefore show that strokes 467 result in widespread connectivity changes that progress gradually along the connectome. Here, we extend these findings to the continuous representation of the connectome. We 480 demonstrate that reorganization, as reflected in functional connectivity alterations, changes as 481 a function of the distance along specific connectivity gradients. However, it is not exclusively 482 restricted to the affected network. Thus, while most pronounced changes take place in 483 connected areas, the effects of stroke gradually spread along the connectome. 484
485
We found that connectivity Gradients 1 and 3 better predicted the impact of a lesion on 486 functional connectivity than Gradient 2. The three connectivity gradients capture distinct 487 connectivity axes, with different functional domains on their extremes. One crucial difference 488 between these gradients is that Gradient 2, in contrast to the others, represents a spectrum of Our study demonstrates the importance of the lesion location within connectivity space for 497 understanding the reorganization of functional connectivity. However, distance from the lesion 498 in connectivity space is partially related to the anatomical distance, as areas close to one another 499 often have similar connectivity patterns. In addition, local physiological changes in areas 500 directly surrounding the lesion (Dirnagl et al., 1999) can also contribute to changes in functional 501 connectivity (Khalil et al., 2017; Siegel et al., 2016) . We therefore calculated in a control 502 analysis the Euclidian distances from each voxel to the infarct area using a three-dimensional 503 anatomical space. We found a significant relationship between distance based on anatomy and 504 changes in functional connectivity as measured by spatial concordance. However, when 505 regressing out the contribution of this factor from our main analysis, the results did not change 506 (see Supplementary Figure S5 week. 519 520 Given previous findings, we expected a significant difference between the groups in the degree 521 of change in functional connectivity patterns, however, we found no such difference for any of 522 the connectivity gradients. Of interest nevertheless is that for Gradient 2 and Gradient 3, group 523 differences were not randomly distributed and were positive in values (see Supplementary 524 Figure S6 ). 525
526
The lack of a relationship between changes in functional connectivity and changes in clinical 527 scores could be explained by the usage of NIHSS. NIHSS is the most commonly used 528 assessment scale in routine acute stroke management. However, this score is fairly coarse and 529
is not designed to accurately detect individual neurological deficits. It is instead intended to 530 provide a standardized and reproducible overall assessment of how stroke affects a patient's 531 neurological status (Lyden, 2017) . The relationship between functional connectivity changes 532 along specific connectivity gradients and stroke symptomology assessed using a more detailed 533 clinical assessment (which would better fit the voxelwise information retained in the gradients, 534 particularly for parcellations that contain a small number of voxels) remains to be investigated 535 in a larger sample of patients. 536
537
The conceptual shift from mapping brain regions to networks has provided a substantial 538 improvement in how we understand the organization of functional systems. Here we aimed to 539 translate the recent descriptions of a low-dimensional connectivity space to the clinical question 540 of stroke-induced damage. While future studies will be necessary to better understand the utility 541 of this framework for stroke prognosis, the current findings provide support for conceptualizing 542 brain connectivity within a continuous connectivity-defined space. Brain networks describe 543 interconnected regions, but similar to the problem of lesion delineation, they also require the 544 delineation of discrete boundaries. Connectivity space offers an advance by representing the 545 continuous nature of brain networks, but also by capturing their relative similarity. Further work 546 is necessary to develop a mode of describing this space in a cognitive and clinical neuroscience 547 context. Nevertheless, the current findings demonstrate its utility for capturing the impact of 548 localized damage to the space. 549 550
Conclusions 551 552
Studying changes in functional connectivity after stroke in a longitudinal manner provides 553 insight into the process of reorganization during the recovery of function. Connectivity 554 gradients represent a methodological advancement in how we depict functionally meaningful 555 information in the connectome. Using this fine-grained template that considers all connections 556 has the potential of informing more targeted stroke therapies that have yet to translate to clinical 557 usage, mostly due to oversimplified models of brain reorganization (Di Pino et al., 2014) . 558 559 560
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